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Grain boundary mediated oxidation and interlayer dipolar coupling
in a magnetic tunnel junction structure
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We present a study detailing changes in the layers of a magnetic tunnel junction that has been overoxidized
to explore the impact of unwanted oxidation. From the evidence of grain boundary diffusion, we conclude that
the microstructure plays an important role in determining the impact of the oxidation process. Layer-dependent
switching measurements show that the change in the tunneling magnetoresistance was solely due to modified
dipolar coupling after field annealing into the exchange biased state. This was confirmed by scattering mea-
surements, which show clearly that the preanneal and postanneal interfacial structure remains unchanged.
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Magnetic tunnel junctions~MTJ’s! are the basis of the
next generation of magnetic devices@e.g., nonvolatile mag-
netic random access memory~MRAM !# due to the high val-
ues of attainable tunneling magnetoresistance~TMR!.1,2 One
issue of key importance is the formation of a high-qual
insulating oxide spacer without influencing the quality
neighboring ferromagnetic contacts. Previous x-ray pho
electron~XPS! and x-ray absorption studies have looked
the oxidation of the Al spacer, as well as the impact of
oxidation process, on neighboring layers.3–6 Evidence was
found for oxidation of ferromagnetic contacts, which can
reduced by annealing.5,6 Electron microscopy studies hav
shown that the oxidation of the Al spacer takes place
grain boundary diffusion of oxygen around the grain, whi
then moves into the grain.7,8 This was first proposed to ex
plain XPS studies of junction formation.3,4 However, ques-
tions remain as to the exact structure of the interfacial ox
and its effect on the spin polarized tunneling in MTJ’s.

In this article, we present a study of forced oxidation
ferromagnetic contacts in magnetic tunnel junctions to aid
understanding the mechanism of unwanted oxidation and
resulting impact on the magnetic properties. Our res
show that the oxide moves into the bottom ferromagne
contact via grain boundary diffusion and does not comple
oxidize the interface with the Al oxide. In this way nonze
TMR can be observed even with the presence of some
oxide at the interface. A large increase in TMR after fie
annealing is ascribed to changes in the dipolar interac
between the layers, while roughness studies show the s
ture was unaffected by the annealing process.

The samples consisted of an MTJ with a wedge-shape
oxide insulating layer~see Fig. 1!. The plasma oxidation
conditions favored creation of a 9 Å Al2O3 layer and there-
fore results in an overoxidized region at the thin end for u
to study the mechanism by which the oxide moves into
bottom layer. The full structure is SiO2 /IrMn/CoFe ~30
Å!/Al oxide wedge~5–9 Å!/NiFeCo~25 Å!/TaN~30 Å!. A
second half junction sample was made without the NiFe
layer to clearly separate effects due to the CoFe layer.
films were ion beam deposited on 150 mm silicon waf
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coated with 2000 Å of SiO2. During deposition of the
tunnel-barrier aluminum, the wafer was positioned at
angle to the incident sputtered flux, giving rise to a thickne
variation across the wafer of approximately a factor of 2. T
wafer was rotated during deposition of the other materials
produce layers with uniform thickness. The wafers we
transferred in high vacuum to a second chamber where
dation of the tunnel-barrier Al was performed with a unifor
oxygen/argon plasma. Thus the tunnel barrier has varying
thickness across the wafer but constant oxidation dose.
deposition rates were calibrated by x-ray reflectivity~XRR!
and the deposition controlled with deposition time. T
thickness profile of the aluminum wedge was determined
measuring the step height of a thick patterned film at ma
positions across the wafer diameter with an XRR-calibra
atomic force microscope.

Experiments were performed at sector 4 of the Advan
Photon Source.9 The intermediate energy beamline~4-ID-C!
provides high-resolution polarized x rays in the intermedi
x-ray range of 500–3000 eV.10 The x rays are generated by
novel circularly polarized undulator that provides left- a

FIG. 1. Wedge shaped sample structure. The Al layer w
plasma oxidized for an optimal thickness of 9 Å, which leads to
overoxidized region at the thin end of the wedge.
©2003 The American Physical Society11-1
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right-circular polarization switchable at demand at a pol
ization .96%. Polarized x-ray techniques@x-ray magnetic
circular dichroism~XMCD!11 and x-ray resonant magnet
scattering~XRMS!12,13# detail changes in element specifi
~and therefore layer specific! magnetic and chemical prope
ties. The samples were studied by simultaneous measure
of electron and fluorescence yields as well as reflectiv
Measurement of multiple channels provides near-surf
~electron yield! and bulk~fluorescence yield! sensitivity to-
gether with interfacial structure~reflectivity!. An electromag-
net provides fields up to 1.5 kOe while ane-beam heater
enabled annealing in vacuum. Samples were studied be
and after anin situ anneal to 200 °C in a 150 Oe applie
field. This way the as prepared and exchange biased stru
could be studied since field annealing aligns the antife
magnetic domains in the IrMn layer and initiates a coher
exchange bias.14 First we examine the impact of the oxida
tion process on the chemical and magnetic structure of
CoFe layer, which is affected the most by the oxidation fro
moving past the Al spacer.

Using x-ray absorption, which is element selective a
therefore in this case layer selective, can provide deta
information about the chemical and magnetic state of
separate layers. To eliminate any Co signal from the NiFe
layer, the half junctions were used for this part of the expe
ment. Figure 2 contains the CoL3 edge spectra for several A
oxide spacer thicknessesdAl . Since the chemical environ
ment strongly affects the 3d electrons, oxide vs metal can b
easily distinguished. The oxide peak marked in Fig. 2 can
utilized to tag the oxide content and track changes as a fu
tion of field annealing anddAl . FordAl,7.5 Å, oxygen pen-
etrates into the CoFe layer forming an interface oxide. T
field annealing reduces the content significantly. The dat
Fig. 2 are from the electron yield channel and are sensitiv
the top portion of the layer. Fluorescence yield shows a si
lar trend, but not as pronounced since it samples the wh
layer equally. From the fluorescence data, the oxide con
is estimated to be;20% of the total film thickness~i.e.,
;5 Å) at the thin end. Structurally the absorption is cons
tent with formation of Co3O4, which is energetically the
most favorable oxide. Magnetic information from th
XMCD signal shows a decrease in intensity and a linesh
consistent with the metallic portion of Co. From this w

FIG. 2. CoL3 absorption edge as a function of Al spacer thic
ness showing the formation of interfacial oxide at the CoFe/Al2O3

boundary.
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conclude that the Co3O4 is not ferromagnetic, which is true
for the bulk but is not clear for the case of a thin layer
proximity to a ferromagnet.

While the absorption provides insight into the top porti
of the CoFe layer, the TMR is still strongly sensitive to th
oxidation at the Al2O3 /CoFe interface. Using x-ray reflec
tivity at the CoL3 resonance, which is sensitive to the to
2–3 Å of CoFe, the chemical state at the boundary can
probed directly. Features in the energy-dependent reflecti
are also consistent with formation of oxide in the CoFe lay
but the oxide signature varies differently withdAl ~see Fig.
3!. The oxide signature disappears arounddAl56.5–7 Å in
marked contrast to the absorption where it occurs aro
7.5–8 Å. This difference between absorption and reflectiv
can be reconciled by grain boundary diffusion of the oxid
For the formation of Al2O3, previous studies have seen th
process evolve by diffusion of oxygen around the grain a
then into the grain.3,4,8,15Given that the layers have the sam
microstructure~see below! and similar energies of oxide for
mation, one might expect the oxidation of the ferromagne
layer below to follow a similar course. The reflectivity
sensitive only to the Al2O3 /CoFe interface while the elec
tron yield absorption measures the top portion of the Co
layer. If the oxide is present first in the grain boundary, it w
show clearly in the absorption. The grain boundary thou
comprises a small fraction of the interface and the interf
signal will be dominated by the Al2O3 /metal CoFe signa-
ture. This is also consistent with nonzero MR in the overo
dized region. UntildAl is reduced to around 6 Å there are
still regions of metallic CoFe in contact with Al2O3. The MR
decreases in this region since the density/area of metal/Al2O3
is decreasing.16,17

One surprising result was that the onset of the oxidat
of the CoFe layer does not start untildAl;7.5 Å, even
though the optimal oxide thickness was tuned for 9 Å. Me
surements of the AlK-edge absorption~see Fig. 4! provide
insight into the electronic structure of the insulating spa
and provides an answer to this dilemma. FordAl59 Å, the
spectra are consistent with polycrystalline Al2O3. As the
spacer thickness decreases, the absorption edge evolve
a second phase of Al oxide that stabilizes somewhere aro
6 Å. ~Note how the data for 4 and 5 Å of Al are thesame.!
We surmise this phase is generated by the energetic pla
oxidation of Al similar to that observed in previous studies.3,4

FIG. 3. X-ray resonant scattering at the CoL3 edge measured
after field annealing. Note how the data is unchanged fordAl

.7 Å.
1-2
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From the edge onset it is determined that Al is still in the1

oxidation state, but the decreasing intensity of the first p
~see line in Fig. 4! is attributed to a drop in the Al 3p density
of states.18 The excess oxygen, probably in the interstit
sites, modifies the electronic structure near the Fermi le
Since the tunneling is strongly dependent on the band st
ture of both the insulator and ferromagnet, the impact t
type of metastable oxide would have on the TMR
uncertain.19,20

Next we examine the layer-specific magnetic hystere
for the NiFeCo and CoFe layers before and after field
nealing using XMCD in reflectivity~see Fig. 5!. Since
Ni resides only in the top layer and the bottom layer conta
majority of the Co, by tuning to the Co and NiL3 resonances
~778 and 852 eV!, we can make use of the field depende
magnetic contrast to perform layer selective measureme
The measured loops are independent ofdAl pre- and postan-
neal aside from the coupling field experienced by
NiFeCo after annealing. The NiFeCo coercive field dro
significantly after the anneal from 65 Oe preanneal to 20
postanneal, while the CoFe layer changes from an unbia
low remanence state to a full remanence exchange bi
state. The other change is the offset of the loop center w
respect to zero field, which is referred to as the coupl
field. The coupling fieldHcoupling experienced by the NiFeC
layer after the field annealing~see Fig. 6!. Hcoupling arises
from dipolar coupling that connects the two layers result
from the roughness of the interface~discussed below! giving
rise to stray dipolar fields.21 The behavior ofHcoupling though
is contrary to the expected exponential decay with increas

FIG. 4. Al K edge spectra detailing the changes due to exc
oxygen in the Al2O3 matrix. The first peak is associated with the 3p
density of unoccupied states.

FIG. 5. Top layer~solid line! and bottom layer~dashed! hyster-
esis measured with element-specific x-ray reflectivity before
after field annealing.
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dAl . This results from the nonmagnetic Co3O4 reducing the
surface magnetization and resulting dipolar fields. It also
lustrates that the entire change in the NiFeCo hysteres
attributable to dipolar exchange coupling between the t
magnetic layers. Also shown in Fig. 6 is theHcoupling deter-
mined from TMR measurements. The results agree in
thin region and show the expected decay fordAl.10 Å.

Since the TMR is proportional to the relative magne
orientation of the two layers, the layer specific loops can
used to calculate a relative TMR factor.22 Assuming the mag-
netization can be described by a simple rotation, the norm
ized moment (M /Ms) can be written as cos@u(H)#. From the
layer-specific hysteresis, one can then extract the relative
entation of the two layers@Du(H)5uNiFeCo(H)2uCoFe(H)#
to calculate the relative MR factor, which is proportional
sin2@Du(H)#. We find that the preanneal value is;0.5 and
increases to around;0.9 after annealing. This implies tha
for dAl59 Å, the majority of the increase in TMR is solel
due to the change in the magnetic orientation of the t
layers. FordAl,9 Å the MR drops due to the increasin
oxidation of the CoFe underlayer. Since the TMR factor do
not change, the drop must be due to the interface ox
which was shown above to be growing in areal density w
decreasingdAl until the oxide completely covers the inte
face (dAl,6 Å) and TMR goes to 0.

FIG. 7. X-ray resonant rocking curves at the Ni and MnL3

edges measured after field annealing. Both yields53.2 and j
5300 Å indicative of conformal roughness through the ent
multilayer. Rocking curves are offset for clarity.

ss

d

FIG. 6. Total moment magnetometry and top-layer coupl
field extracted as a function ofdAl from the data in Fig. 5. Note the
deviation from the expected decay of the coupling field withdAl

,9 Å. The overlayed TMR results show good agreement, and
expected decay fordAl.10 Å.
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To determine that the change in TMR results from t
modified dipolar interfaction between the layers and
from a decrease in the interface roughness, rocking cu
were measured preannealing and postannealing.23 By using
the strong resonant enchancement of the scattering inten
element-selective and therefore layer-specfic roughness
terminations were made.12,13For the case of the TaN/NiFeC
and CoFe/IrMn interfaces~see Fig. 7!, the sample rocking
curves yield a perpendicular roughnesss5;3.25 Å
60.5 Å and in-plane correlation length~i.e., grain size!, j
5;300 Å620 Å. These results hold for alldAl both prean-
nealing and postannealing indicating no change in the in
face structure. This also indicates conformal roughness
tween the layers. The best fit for the shape of the diffu
scattering is for a roughness exponent of 1, which indicat
surface that varies in a smooth fashion- consistent with p
vious studies of polycrystalline systems.13 The Al2O3 /CoFe
interface was examined in the half junction structure a
S.
.
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found after annealing to have a roughness the same as th
and Mn interfaces. This confirms that the changes in
TMR must be magnetic and not structural in origin.

In conclusion, we have detailed changes in the layers
magnetic tunnel junction that have been overoxidized
study the impact of unwanted oxidation. From the eviden
of grain boundary diffusion, we conclude that the micr
structure plays an important role in determining the imp
of the oxidation process. From the perspective of TMR,
main contribution to the change with field annealing appe
to be due to change in the layer dependent switching a
field annealing. Since the interfacial roughness remains
changed, it is ruled out as a factor.
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